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We report the electronic structure of YbB6, a recently predicted moderately correlated topological insulator,
measured by angle-resolved photoemission spectroscopy. We directly observed linearly dispersive bands around
the time-reversal invariant momenta Γ and X with negligible kz dependence, consistent with odd number of
surface states crossing the Fermi level in a Z2 topological insulator. Circular dichroism photoemission spectra
suggest that these in-gap states possess chirality of orbital angular momentum, which is related to the chiral spin
texture, further indicative of their topological nature. The observed insulating gap of YbB6 is about 100 meV,
larger than that reported by theoretical calculations. Our results present strong evidence that YbB6 is a correlated
topological insulator and provide a foundation for further studies of this promising material.
PACS numbers: 71.20.-b, 71.28.+d, 73.20.-r, 79.60.-i
Topological insulator (TI) is a new class of matter with
topologically protected surface states that possess unique elec-
tronic and spin properties. Recently, how the topological or-
der interplays with the electronic correlation has attracted a
lot of theoretical considerations. As materials with significant
correlations, the rare-earth borides are interesting with a vari-
ety of correlated phenomena including mixed valence, heavy
fermion and superconductivity [1–8]. Especially, samarium
hexaboride (SmB6) has recently been predicted to be a topo-
logical Kondo insulator [9, 10], which fueled intense effort in
search for topological orders in correlated systems. Numerous
experiments have been performed to identify the topological
surface states in SmB6[11–13]. However, the surface states
can only exist in low temperature and the coexistence of the
bulk bands and surface states in SmB6 limits its future appli-
cations.
YbB6 is a related rare-earth hexaborides which shares the
same CsCl type crystal structure with SmB6 [14], and is pre-
dicted to be a correlated TI with a bulk insulating gap of about
31 meV [15]. As it is not a Kondo insulator, and the gap is
comparable to ambient temperature, it would be more suit-
able for applications based on topological surface states than
SmB6. However, despite the previous successes of density
functional theory in predicting TIs [16–20], the strong corre-
lations in rare-earth compounds pose challenges to an accu-
rate calculation. For instance, the resistivity of YbB6 exhibits
a bulk metallic behavior [21], inconsistent with the predic-
tion. Therefore, it is crucial to experimentally determine the
electronic structure and topological nature of YbB6. Angle-
∗These authors contribute equally to this work.
†These authors contribute equally to this work.
resolved photoemission spectroscopy (ARPES) is a power-
ful tool to directly measure the surface and bulk band dis-
persions and determine the value of topological invariant of
three-dimensional TIs [12, 19, 22, 23]. Furthermore, circular
dichroism (CD) of the ARPES data have been shown to be
related to the spin textures of the surface states [11, 24–29].
In this Letter, we report our ARPES measurements on
YbB6 single crystals. Linearly dispersive bands were ob-
served in its insulating gap around Γ and X with negligible
kz dependences, indicative of their surface origins. The CD of
these in-gap states at various photon energies show patterns
consistent with the locked spin-momentum texture of TIs. The
CD pattern of the α band around Γ shows obvious two-fold
symmetry, while the β band around X presents anti-symmetric
pattern about the Γ-X axis in the surface Brillouin zone (BZ).
More importantly, we found that the chemical potential varies
up to about 500 meV, from one cleaved surface to another,
or sometimes even across the same surface. The bulk bands
often coexist with the topological surface states, however, we
also identified a bulk insulating gap of about 100 meV, much
larger than predicted [15]. It is thus possible to tune the chem-
ical potential in such a gap and enable applications based on
the surface states.
High quality YbB6 single crystals were synthesized by the
Al-flux method as elaborated in the Supplementary Material
(SM), together with their characterizations. ARPES measure-
ments were performed at the SIS beamline of Swiss Light
Source (SLS) and Beamline 5-4 of Stanford Synchrotron Ra-
diation Lightsource (SSRL), both equipped with a Scienta
R4000 electron analyzer, and beamline 28A of Photon Fac-
tory, KEK, equipped with a Scienta SES-2002 electron ana-
lyzer. The angular resolution was 0.3◦ and the overall energy
resolution was better than 15 meV depending on the photon
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FIG. 1: (Color online) (a) Photoemission intensity plot showing the valence band structure of YbB6. The flat 4 f bands are marked by the
arrows and the 5d band is indicated by the dashed line. Data were taken along cut 1 of S1 at 6 K with 33 eV photons, at SSRL. (b) Left: a
photoemission intensity map at EF for YbB6 taken with 31 eV photons at 6 K in SSRL. The intensity was integrated over a window of [EF
- 10 meV, EF + 10 meV]. Right: the momentum cuts along which data were taken are marked in the projected two-dimensional BZ . (c)
Top: the photoemission intensity plot along cut 2 taken on S2 with 91 eV photons at 18 K in SLS. Bottom: the same data after subtracting
a momentum-independent background. The spectra far away from the dispersive region show no momentum dependence and thus taken as
the background. The white lines indicate the α and γ bands, the dashed line is extrapolated from the linear dispersion. The red dashed line
indicates the overlap of the band bottom of α and band top of β. (d) The corresponding MDCs along cut 2 within [EF - 400 meV, EF - 150
meV]. The red line is the dispersion tracked from the MDC peaks and the red dashed line is extrapolated from the linear dispersion. (e) The
photoemission intensity plot on S2 along cut 3 and cut 4 measured with 70 eV photons at 18 K in SLS. (f), (g) The corresponding MDCs
along cut 3 and cut 4 in panel (e), respectively. The red dashed lines are the dispersions of the β bands. The highlighted MDC in red indicates
the possible energy position of the Dirac points. (h), (i) The photoemission intensity plot on S3 along cut 5 and its corresponding energy
distribution curves (EDCs), showing an additional δ band. Data were taken with 47 eV photons at 20 K in KEK. (j) A schematic of all the
bands observed along Γ-X direction. The detailed description is in the text.
energy. The samples were cleaved in situ along the (001)
plane and measured under ultra-high vacuum below 5×10−11
torr.
Figure 1(a) shows the photoemission intensity of YbB6 on
sample 1 (S1) over a large energy scale, the non-dispersive
Yb 4 f bands are located at around 1 eV and 2.3 eV below
Fermi energy (EF) . They correspond to the 6H5/2 and 6H7/2
multiplets of the Yb2+ 4 f 6-4 f 5 final states based on the LDA
calculation [15]. The energy difference between the two mul-
tiplets is 1.3 eV, consistent with the calculation. However, the
energy positions of these 4 f bands are deeper than that calcu-
lated in Ref. 15, probably due to the chemical potential shift
induced by carrier doping. In addition, the dispersive feature
centered at Γ between the two 4 f bands should originate from
the Yb 5d band.
The photoemission intensity map at EF on S1 is shown in
Fig. 1(b). An elliptical Fermi pocket located around X and
a circular Fermi pocket around Γ are clearly observed. The
photoemission intensity distribution across Γ taken on sam-
ple 2 (S2) is plotted in Fig. 1(c), together with a background-
substracted one to visualize the dispersions more clearly.
There is an electron-like band (referred to as α), forming
the circular Fermi pocket in Fig. 1(b). In Fig. 1(e), another
electron-like band is observed around X (referred to as β),
forming the elliptical Fermi pocket.
Both the α and β bands exhibit almost linear dispersions as
can be seen from their momentum distribution curves (MDCs)
in Figs. 1(d), 1(f) and 1(g). The α band extrapolates to cross at
about 380 meV below EF . There is also a γ band below the α
band. However, the band bottom of α overlaps with the band
top of γ in certain energy range as highlighted in Fig. 1(c).
This observation, together with the very different intensities
of γ and α, indicates that γ is not the lower cone of α, if there
is a Dirac point as predicted [15]. Due to the low intensity of
the α band and the interference of the strong γ band, the lower
cone is hardly resolved, if any.
The β band also seems to cross at about 320 meV below EF
by tracking its linear dispersion, but the predicted lower cone
could not be distinguished either, due to the strong residual
intensity of the flat 4 f bands. The δ band is observed with a
different photon energy on sample 3 (S3) with its band bot-
tom around -80 meV [Fig. 1(h)]. The band bottom of β in
S3 is around -250 meV, different from that in S2, which may
be caused by different chemical potentials. Figure 1(j) is the
schematic of all the low-lying energy bands resolved along
Γ-X direction.
Photon energy dependent ARPES experiments have been
performed to examine how the α, β and γ bands vary with kz.
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FIG. 2: (Color online) (a) Photon energy dependence of the photoemission intensity of the α band measured along cut 2 on S4. (b) The
corresponding MDC plots of α in panel (a) within [EF-200 meV, EF]. (c), (d) The same for the β band as in panel (a) and (b) measured along
cut 3 on S4. (e) Photon energy dependence of the photoemission intensity of the γ band measured along cut 2 on S2. (f) The corresponding
MDC plots of the γ band in panel (e) within [EF-600 meV, EF-360 meV]. The red dashed lines in panel (b), (d) and (f) are fitted dispersions
with 94 eV data of the α and β bands and with 103 eV data of the γ band, respectively, and overlaid them onto the data of other photon energies.
The white dashed lines in panel (e) are extracted from the 103eV data indicating the α and γ bands, and overlaid them on top of data with
other photon energies. (g) The hν-k∥ intensity plot of the MDCs at EF of various photon energies. The intensity was integrated in a window of
[EF-10 meV, EF+10 meV]. Data were taken at 18 K at SLS.
The photoemission intensity distributions taken with different
photon energies are presented in Fig. 2. One can see that, for
both α and β bands, although the spectral weight varies with
photon energy due to photoemission matrix element effects,
the dispersions of them remain unchanged. Figures 2 (a) and
2(b) show the photoemission intensity distributions across Γ
on sample 4 (S4) together with their corresponding MDCs.
We fitted the dispersion of the α band taken with 94 eV pho-
tons and overlaid it onto the data taken with several other pho-
ton energies, which clearly show that the dispersions of the α
band are kz independent. The same process has been done to
the β band in Figs. 2(c) and 2(d), which also show no kz depen-
dence of the β band. More data under other photon energies
can be found in the SM. Furthermore, the hν-k∥ intensity plot
at EF shown in Fig. 2(g) demonstrates the two-dimensional
nature of the α and β bands.
However, in Figs. 2(e) and 2(f), when we overlaid the dis-
persion of γ extracted from the MDCs taken with 103 eV pho-
tons on top of data taken with several other photon energies,
there are clear mismatches. That is, the γ band disperses with
kz, indicative of its bulk origin. Furthermore, the dark interior
of intensity envelopes of the γ band in Fig. 2(e) is likely due
to its dispersion along kz and the poor kz resolution in ARPES
measurements with vacuum ultraviolet photons. Similar be-
havior has been reported for a bulk band in SmB6 [11].
In addition, the δ band is only observed in certain photon
energies, due to different cross-section of this band. The line-
shape of the δ band is hardly resolved due to its bulk origin
and poor kz resolution, which result in a bright interior of in-
tensity envelopes of the δ band. Thus the δ band should be the
bulk conduction band. As the band bottom of the δ band in
S3 is around -80 meV, the band bottom of δ in S2 should be
around -150 meV, due to different chemical potential between
these two samples (see SM). Moreover, since the γ band top
in the 91 eV data of S2 locates at around -250 meV [Fig. 1(c)],
the bulk band gap of YbB6 is likely to be about 100 meV, as il-
lustrated in Fig. 1(j). This determined gap size is much larger
than the theoretical prediction of only 31 meV [15], which
suggests the correlation effect needs to be better treated.
The chirality of spin and orbital angular momentum (OAM)
is another remarkable hallmark of the topological surface
state, since both of them are interlocked and rotate with the
electron momentum, so that the total angular momentum is
conserved. To further explore the topological nature of these
surface states, we conducted CD-ARPES experiment, which
probes the chirality of the OAM.[11, 28]
The Fermi surface maps of S1 measured under right-handed
circular polarized (RCP) light and left-handed circular polar-
ized (LCP) light are shown in Fig. 3(a), together with their
difference (referred to as RCP-LCP). The CD of the β pocket
shows an anti-symmetric pattern about the Γ-X axis in the sur-
face BZ. The enlarged CD image near Γ is shown in Fig. 3(b).
Although its intensity is much weaker than that of the β
pocket, we can see that the symmetry of the α pocket be-
comes two-fold, which is different from the anti-symmetric
CD pattern of the β pocket. Such symmetries are confirmed
by another set of data with more statistics in the top panel
of Fig. 3(c), which was measured on S4 at a different photon
energy. The bottom panel in Fig. 3(c) is measured on sam-
ple 5 (S5), under the same condition as S2, but presents the
left β pocket. Clearly, all the CD patterns exhibit an inversion
symmetry with respect to Γ. Moreover, there is a sign change
between the 31 eV and 35 eV CD data in both the β and α
pockets. The simultaneous sign change can be attributed to a
final-state effect of the CD-ARPES as reported in Bi2Se3 [24].
In Figs. 3(d) and 3(e), we plot the representative CD distribu-
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FIG. 3: (Color online) (a) Fermi surface maps of YbB6 taken with
RCP, LCP light and their difference (RCP-LCP) of S1. The intensity
was integrated over a window of [EF - 10 meV, EF + 10 meV]. (b)
The RCP-LCP data around Γ which is enlarged from panel (a). (c)
Top: CD result of S4 (top) and S5 (bottom) measured with 35 eV
photons showing the right X pocket and the left X pocket, respec-
tively. (d) The CD values taken along the left pocket around X in
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respect to X. (e) The CD values of the α pocket taken around Γ of
S4, where the polar angle Ω is defined within panel (c) respect to Γ.
The red solid curves in panel (d) and (e) are sine function fits of the
data. The 31 eV data were taken at 6 K in SSRL and the 35 eV data
were taken at 18 K in SLS.
tions around the α and β pockets. Both of them can be well fit-
ted by a sine function, however, the period for β is 2pi, and that
for α is pi. The reductive period of the α band, or the two-fold
symmetric CD pattern needs further investigation, but simi-
lar behaviors were attributed to the coupling to bulk states in
Bi2Se3 and Bi2Te3 [29–32]. Despite the complexity, the CD
results do suggest that the chirality of OAM exist in both the
α and β bands, indicating that they might possess helical spin
textures, further support their topological origin.
Having established the surface nature and the possible topo-
logical origin of the α and β bands, we briefly discuss the Z2
topology that can be determined from these bands. Since we
observed one Fermi pocket around Γ and two Fermi pock-
ets around X in the surface BZ, the total number of surface
states is odd, thus the whole system should be topologically
non-trivial. This is remarkably consistent with the theoretical
prediction that YbB6 is a TI [15].
For a surface state, the work function depends directly on
the surface conditions. In various cleavages, we observed that
kx (Å
-1
)
k y
 (Å
-1
)
(e)
E-
E F
 (e
V) -0.6
-0.4
-0.2
0
6 K
-0.6
-0.4
-0.2
0
1.0X0.60.40.2-0.2
k// (Å
-1
)
196 K
Γ
(a) (b) (c)
(d)
E-
E F
 (e
V)
k// (Å
-1
)
k//Intensity (arb. units)
-0.2
-0.1
0
-0.4 0.4
β’
X
47 eV
Low
High
E-
E F
 (e
V)
-2.5
-2.0
-1.5
-1.0
-0.5
0
S6
S2
490 meV
1.2
0.8
0.4
0
1.20.80.40
β’
β’
Γ
X
X
M
Low
High
µ1
µ2
S6
S1
S6
-0.2 0.2X
β’
47 eV
S6
X
Low
High
cut 7
cut 6 cut 6 cut 7
cut 1
S1
cut 1
FIG. 4: (a) The photoemission intensity map of S6 showing hole-
like pockets. The intensity was integrated over a window of [EF -
10 meV, EF + 10 meV]. (b), (c) Two photoemission intensity plots
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S6. (f) The photoemission intensity data taken along Γ-X direction
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the work function of YbB6 varies about 100 meV, exposing
the electronic structures discussed above. However, we ob-
served a hole-like pocket around X twice, referred to as β′
in Figs. 4(a)-4(c). Sometimes, the electron-like Fermi pocket
and the hole-like Fermi pocket can even be observed in differ-
ent regions of the same sample, which requires further eluci-
dation by scanning tunneling microscopy. The linear extrap-
olation of the β′ band leads to a crossing at around 180 meV
above EF . The slope of β near its crossing point, and the ob-
served slope of β′ only differs about 4 %, therefore β′ should
be the lower half of the Dirac cone of β. Since the Dirac point
of β is located at around 320 meV below EF , the shift of the
chemical potential is about 500 meV, which equally affects
the 4 f band as shown in Fig. 4(d). On the other hand, due to
the weak intensity of the α band, we did not resolve its lower
cone.
The observed surface states in YbB6 is robust against the
change of temperature from 6 K to 196 K [Fig. 4(e)]. This is
consistent with the DFT calculations which show that YbB6
is not a topological Kondo insulator [15].
To summarize, we have obtained a comprehensive under-
standing of the electronic structure of YbB6 from ARPES. We
directly observed several linearly dispersive bands within the
5insulating gap of YbB6 which show negligible kz dependence.
The CD-ARPES data suggest well-defined helical spin texture
of the surface states. These results suggest that YbB6 is a TI.
In addition, the insulating gap observed here is much larger
than that reported in theoretical calculations, indicating cor-
relation effects. We note that the sensitivity of work function
reported here also implies its tunability. If the work function
can be tuned into the 100 meV insulating gap, the topologi-
cal surface state can be exploited in applications without the
interference from the bulk states.
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Supplementary Material: Angle-resolved Photoemission Spectroscopy Study on the Surface States
of the Correlated Topological Insulator YbB6
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SAMPLE CHARACTERIZATION
High quality YbB6 single crystals were synthesized by the
Al-flux method. A chunk of Yb together with the powders of
Boron and Al were mixed with a ratio of 1:6:400 and heated to
1773 K in an alumina crucible in the argon atmosphere, then
maintained at 1773 K for about 2 days before slowly cooling
down to 873 K at a rate of 5 K per hour.
YbB6 crystallizes in the cubic Pm-3m space group and can
be considered as the CsCl-type structure with the Yb ions and
the B6 octahedra being located at the corner and the body cen-
ter of the cubic lattice, respectively, as shown in Fig. 1(a). Fig-
ure 1(b) shows the bulk Brillouin zone (BZ) together with the
k(010)
k(100)
k(001)
X M
R
Γ
X
X X
X
M
M
Γ
M
Yb B
(001)
(002)
(003)
1.0
0.5
0
806040200
2θ (degree)
In
te
ns
ity
 (c
ou
nt
s 
*e
+6
)
(a)
(b)
(c)
1.2
1.0
0.8
0.6
300250200150100500
Temperature (K)
ρ 
(Ω
*c
m
*e
-3
)
(d)
FIG. 1: (Color online) (a) Crystal structure of YbB6. (b) Bulk and
surface Brillouin zone of YbB6 and the high symmetry points. (c)
X-ray diffraction pattern of YbB6 single crystals. (d) Resistivity of
YbB6 single crystals measured from 2 K to 300 K.
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FIG. 2: (Color online) (a) Photon energy dependence of the photoe-
mission intensity measured along cut 2 around Γ on S4, and (b), their
corresponding momentum distribution curves (MDCs) within [EF-
200 meV, EF]. The black dashed lines in panel (a) indicate the α
bands and the red dashed lines in panel (b) are dispersions of the α
band fitted from the 94 eV data, and overlaid them on data taken with
other photon energies. (c), (d) The same as those in panel (a) and (b)
to show the photon energy dependence of the β band, measured along
cut 3 around X. Data were taken at 18 K at SLS.
projected surface Brillouin zone. The high symmetry points
we used are indicated in this panel. The X-ray diffraction pat-
tern presented in Fig. 1(c) indicates a high sample quality of
our single crystal and the natural surface is the (001) surface.
The resistivity of YbB6 single crystal shows a metallic behav-
ior down to 2 K, which can be understood by the coexistence
of the bulk band with the surface states.
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FIG. 3: (Color online) (a) The integrated large scale energy distri-
bution curves (EDCs) of the two different samples to compare the
different chemical potential. (b) The photoemission intensity plot on
S2 along cut 4 and S3 along cut 5. The data of S2 were taken at 18 K
with 70 eV photons in SLS, and the data of S3 were taken at 20 K
with 47 eV photons in KEK.
kz DEPENDENCE OF THE α AND β BANDS
To prove the surface origin of the α and β bands, pho-
ton energy dependent measurements were performed to study
their evolution with kz. Photon energies in a large energy
scale (70 eV-118 eV) were used to cover the BZ along the
kz direction, as kz is related to photon energy (hν) through
kz=0.512
√
hν −W + V0, where W is the work function and
V0 is the inner potential. If we take a typical value of V0 as
15 eV, the total photon energies cover 0.8 BZ along the kz di-
rection in the three-dimensional BZ, which is enough to see
the periodicity of the α and β bands from Γ to Z.
In addition to the data of the α and β bands taken under
several photon energies shown in the main text, data under
more photon energies can be found in Fig. 2. All our data
strongly support the surface origin of both the α and β bands.
CHEMICAL POTENTIAL DIFFERENCE BETWEEN
DIFFERENT SAMPLES
The work function of TI depends directly on the surface
conditions. For our most samples, the work function varies
less than 100 meV. From the valence band spectra of S2 and
S3 shown in Fig. 3(a), we can see that the 4 f band shifted
around 70 meV. This is consistent with that we determined
from the band bottom of the β band in these two samples in
the main text. One would notice that the Fermi crossing of the
β band in S3 is a little larger than that in S2, this is because
that cut 5 is 3.5◦ off cut 4, hence it is not exact along the minor
axis of the elliptical β pocket.
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